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A. INTRODUCTION 
 

The overall objective of this project is to implement a dual-modality single photon emission computed 
tomography (SPECT) and x-ray computed mammotomography (CmT) system for the detection and staging of 
breast cancer, monitoring of treatment therapies, and improving surgical biopsy guidance. The sequential 
acquisition with emission (nuclear) and transmission (x-ray) 3D imaging systems can aid in localizing the 
radioactive uptake of a tumor from the emission image by using the anatomical structure from the transmission 
image. In the first year, both systems were integrated onto a single platform with a customized patient bed to 
allow emission and transmission imaging of a pendant, uncompressed breast during a single session. Further 
investigation was done to ensure that each system was positioned such that it could fit over the patient bed 
and completely sample the breast. Physical constraints of each system were examined. A data acquisition 
sequence was designed for SPECT and CmT. Imaging feasibility with geometric phantoms and breast 
phantoms were performed to study the resolution/sampling properties and fusion of functional-anatomical 
images. One hybrid patient study was also carried out. In the next two years of this grant, corrections due to 
the CmT offset geometry, x-ray scatter, and attenuation will be applied to increase contrast, decrease noise, 
and improve quantitative accuracy in the images. In addition to research, clinical experience in other areas of 
breast cancer detection was explored.  
 
B. BODY 
 
Task 1: Design and implement a dual-modality prototype system 
 
Task 1(d) 

Although this task (as written in Appendix A, Statement of Works) was set out to be accomplished in the 
beginning of Year 2, it was necessary to first find the most possible optimal orientation of each of the sub-
systems so that the dual-modality system could be built. In implementing a compact, dedicated SPECT-CmT 
hybrid system for breast imaging, the challenge was to place each of the sub-systems in an optimum 
orientation such that it would (1) provide suitable reconstructed images; (2) allow maximal access to the 
patient’s breast; and (3) accommodate a custom patient bed that could fit above the compact hybrid system, 
shield the patient from scattered, low energy x-rays and photons, and maintain patient comfort. Previous cross-
contamination results showed that the optimal placement was having the SPECT sub-system positioned 90° 
relative to the central x-ray axis [1, 2]. Unlike the SPECT sub-system, the CmT sub-system is restricted to a 
stationary polar tilt and can only rotate 360° around the vertical axis of a pendant breast in this initial hybrid 
prototype. However, in this orientation the CmT sub-system is limited in imaging deep into the breast and 
axillary region and closer to the chest wall, and introduces insufficient sampling which was previously shown to 
be overcome by using 3D complex acquisition trajectories [3]. Therefore a study was done to observe the 
effects of lesion distortion, geometric distortion, and sampling insufficiency on reconstructed images acquired 
with the CmT system at different stationary tilts and 3D complex acquisition trajectories [4]. A detailed 
description of this work and results was presented at the 2007 SPIE Medical Imaging Conference for which I 
was the primary author. A conference proceeding was submitted and is attached in Appendix B. 

This study was extended by taking a further look at sampling insufficiency at different tilts by acquiring 
images of a Defrise phantom (model ECT/MI-DEF/P, Data Spectrum Corp., Hillsborough, NC) with 3.5mm 
diameter acrylic beads placed in between the gaps of each of the discs (Fig. 1, LEFT). More details on each of 
the acquisition trajectories can be found in Appendix B (Fig. 5). Figure 1 shows the sagittal reconstructed slices 
of the Defrise phantom for all acquisition trajectories. The tilted acquisition orbits show disc distortion, 
especially for ones acquired with higher positive tilts where it becomes more difficult to visibly distinguish each 
of the four discs. This is most likely due to the insufficient sampling with cone-beam acquisitions. Tuy’s data 
sufficiency condition requires that each plane passing through the reconstructed region of the object must 
intersect the orbit of the focal point trajectory at least once. Due to the failure to meet this condition, 
reconstruction of slices for locations farther away from the flat plane of the beam contain significant distortion 
and errors. In this case, when the CmT detector is down (closer to the ground) at a -10° tilt (refer to Appendix 
B, Fig. 8, LEFT), the cone-beam is relatively flat near the top. At this top slice, there is nearly complete 
sampling and the discs near the top appear to be less distorted. The reverse is true in the +10° tilt case (refer 
to Appendix B, Fig. 9, LEFT), where the insufficient sampling occurs near the top since at this location the rays 
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diverge away from the flat plane of the cone-beam which is now near the bottom of the reconstructed images. 
However, this limitation can be overcome by using a 3D complex acquisition trajectory such as saddle. As 
shown in the reconstructed slices, the tilted acquisition orbits show distortion in the discs in planes away from 
the flat plane of the cone-beam, while the saddle trajectory shows the least disc distortion due to the more 
complete volumetric cone-beam sampling.   

 

 

Despite the apparent distortion in the discs, the image reconstructions of the small acrylic beads can still 
easily be picked out and appear to be less distorted even in regions where the data might not be completely 
sampled. This can be clearly seen in the bottom area of the reconstructed images of the center region of the 
Defrise phantom. This finding suggests that despite incomplete sampling, small objects (i.e. acrylic beads) 
remain more preserved than larger low frequency information (i.e. geometrically uniform discs). Therefore, the 
frequency content of the object also plays a role in object image recovery in the acquisition and reconstruction 
process.  

These results shown here and Appendix B indicate that by having the cone-beam flat near the patient bed 
allows for more complete sampling near the chest wall. The drawback is that there are overlapping structures, 
geometric distortion, and incomplete sampling in the rest of the reconstruction volume for the tilted orbit 
acquisition. Based on these results, a tilt of 6.2° for the 
CmT sub-system was chosen since at this tilt the cone-
beam is relatively flat at the top and a customized 
comfortable patient bed could fit above [5].  
 
Unlisted Task: Integration of the two sub-systems 

Although it was never written in the statement of works, 
a mounting plate had to be designed to integrate the 
independently developed SPECT and CmT sub-systems 
were onto a single gantry (Fig. 2). A custom designed ¼” 
aluminum plate was designed and mounted to the rotation 
stage. The SPECT system was mounted on this plate such 
that its center of rotation (COR) matched the COR of the 
rotation system. The plate was then reinforced with 1.5x3in2 
metal bars so that there would be enough support to hold 
the weight of both imaging systems. Two 3x3in2 metal bars 
were mounted on either end of the plate to secure the CmT 
tube and detector. The CmT system was laterally offset 
5cm from the center of rotation to allow the imaging of a 
wide range of breast sizes. Somewhat differently from its 
independent prototype, the CmT sub-system was placed at 
a 60cm source-to-image distance (SID), 38cm source-to-
object distance (SOD), and 6.2° stationary tilt in order to 
accommodate a comfortable patient bed. The magnification 

 
FIGURE 1. (LEFT) Photograph of the Defrise phantom with 3.5mm acrylic beads between the gaps between the discs. 
(RIGHT images) Reconstructed images acquired with vertical axis of rotation (VAOR), Saddle, and ±10° acquisition 
trajectories.   

 
FIGURE 2. Photograph of the prototype dual-
modality dedicated breast imaging tomographic 
system with a customized patient bed. The SPECT 
system (center) is placed orthogonally to the CmT 
tube (right) and digital flat-panel detector (left). The 
superimposed arrows illustrate system motions 
(polar and ROR for SPECT, and azimuthal for 
SPECT and CmT). Note that the pendant breast is in 
the common FOV of each system. 

Defrise w/ Beads Saddle +10°VAOR (0°) -10°
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of about 1.57 of an object at the center was kept the same as the independent prototype. The 3x3in2 metal 
bars supporting the x-ray source and detector have the flexibility to adjust the SID, SOD, and detector and x-
ray source tilt. 
 
Task 1(a) 

In this current configuration, the CmT system does not enter the field-of-view (FOV) of the SPECT 
projection view. However for the CmT projection images, the SPECT camera and motor is in the FOV at all 
positions. To ensure that the SPECT sub-system is not in close proximity to the object in the CmT FOV, the 
SPECT camera is set at a 40° polar tilt and zero ROR during CmT acquisition (Fig. 3, TOP LEFT). A study was 
done to see the effect on the reconstructed slices if the SPECT sub-system was obstructing the object in the 
CmT projections. At a higher tilt and larger ROR, the SPECT camera is more in the FOV and overlaps with the 
breast (Fig. 3, TOP RIGHT). In the reconstructed sagittal slices, an artifact due to the camera can be seen 
near the bottom of the breast (Fig. 3, BOTTOM RIGHT). The circular ring that is seen in the reconstructed 
images is due to the offset of the CmT system and methods to reduce this artifact will be further investigated in 
Task 2(a) in Year 2. 

 
Task 1(c) 

An imaging sequence for the SPECT and CmT data acquisition was created such that a large breast 
volume (and possibly the chest wall) could be completely sampled and imaged without physical constraints in 
the FOV. Although simultaneous acquisition was preferred due to a shorter image acquisition time and easier 
image registration, the issue was that the SPECT camera and motor was in the FOV of the CmT projections 
(as described and shown in Task 1(a)) and a large portion of the breast could not be imaged by the CmT sub-
system due to a higher bed height. Lowering the bed to allow more of the breast into the FOV would require 
having a limited image acquisition due to the physical dimensions of the x-ray tube and detector preventing a 
full 360°. Compared with a full 360° acquisition, SPECT reconstructed images collected with a limited 
acquisition did not show significant reduction in image quality. However, Figure 4 shows a definite loss of 
attenuation value in the CmT reconstructed images in portions where there was no data collection. In addition, 
the circular cylinder due to the offset and insufficient sampling also becomes more prominent in partial 
azimuthal acquisition. A detailed description of this work and results was presented at the 2007 IEEE Nuclear 
Science and Medical Imaging Conference for which I was a co-author. A conference proceeding was submitted 
and is attached in Appendix C. 

 

FIGURE 3. CmT (TOP) projections and (BOTTOM) reconstructions of a 900mL breast phantom with a CT-contrast filled 
lesion. Acquisitions were taken (LEFT) without and (RIGHT) with the SPECT camera obstructing the phantom. White 
arrow near the bottom of the breast shows the artifact due to the SPECT camera in the FOV. 
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At the end, a sequential scan where SPECT and CmT images would be separately acquired was decided 

upon. Although this would take a longer time, CmT images could be taken at a different bed height without any 
emission contamination and physical constraints from the SPECT system. The inner trough of the patient bed 
was also removed to allow more of the breast to protrude into the FOV due to the larger hole in the table and 
weight of the patient. Below is the final sequence of events: 

1. Due to the flexible positioning of the bed [6], the bed is first angled upward and then brought down as 
far as it can go without hitting the CmT tube. 

2. After the breast is properly positioned into the FOV and the SPECT camera is set at a 40° polar tilt and 
zero ROR, a 360° CmT scan is acquired. 

3. Patient is injected with radioactivity and a 360° SPECT acquisition is performed at a higher bed height 
such that the CmT system does not hit the bed. Various 3D complex acquisition trajectories can be 
used to contour and get closer to the breast and chest wall. 

 
Task 1(b) 

At present, the data acquisition sequences of both systems are independently automated on separate 
computers. The SPECT system uses custom-built software written in LabVIEWTM while the acquisition routine 
for the CmT system is implemented in C++. The future step will be to integrate both utilities into one program 
such that both systems can be controlled together from one computer during image acquisition. This software 
was originally promised to be written up by the end of Year 1. However, due to the complexities in the software 
and availability of computer processors, this task has taken longer than expected. I have currently been looking 
into integrating the CmT acquisition software into the custom-built LabVIEWTM program for SPECT. This will 
hopefully be implemented by the end of Year 2. 
 
Unlisted Task: Imaging Feasibility of the hybrid system AND Task 3(a) 

To evaluate the feasibility of this dedicated system, geometric phantoms were first acquired to study the 
sampling and resolution properties and demonstrate the fusion of the functional-anatomical images (Appendix 
D, Fig. 2). Although the CmT images showed slight distortion toward the edges and a circular ring artifact, 
images were registered using common features in both data sets. Image fusion was done using an open 
source AMIDE software [7, 8].  

Images of a breast phantom with external fiducial markers were also acquired. Small and fixed external 
fiducial markers were used in order to ensure proper registration, be visible and distinguished in both systems, 
and not interfere with the images. After testing commercially available fiducial markers and plastic centrifuge 
vials filled with 99mTc and CT contrast agent, four 6.0mm nylon balls (Small Parts, Inc. Miami Lakes, FL) 
soaked in aqueous 99mTc-pertechnetate were used as markers and taped to the exterior surface of the breast 
phantom. With the help of these fiducial markers, the images from both systems were fused (Appendix D, Fig. 
3). There was enough natural contrast between air and nylon to discriminate the fiducial markers in the CmT 
projections and reconstructed images. In volumetric 3D space, the SPECT reconstructed images were rotated 
90° azimuthally (due to the position of the SPECT sub-system with respect to the CmT sub-system) and shifted 
downward (due to the different bed positions used for SPECT and CmT acquisitions). Fiducial markers made it 
possible to accurately perform these tasks so that the two data sets were aligned as close as possible. 

FIGURE 4. Reconstructed CmT image acquired with a (LEFT) 360° and (MIDDLE) 262° acquisitions. (RIGHT) Line 
profile was taken (white arrow) to show the loss of attenuation value in portions where the breast was undersampled in 
the 262° acquisition. Additionally, the circular offset is also more prominent in the CmT reconstructed image. 
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In addition, a preliminary investigation on the clinical performance of the system was done by imaging two 
women with confirmed breast cancer: one on the independent SPECT system and the other on the SPECT-CT 
system. Although the SPECT images could see up to and past the chest wall (Appendix D, Fig. 4-6), there was 
limited visualization of the chest wall in the CT images (Appendix D, Fig 5-6), which remains an important 
consideration in planned refinements of the current hybrid system. 

A detailed description of this entire work and results was presented at the 2007 IEEE Nuclear Science and 
Medical Imaging Conference for which I was the primary author. A conference proceeding was submitted and 
is attached in Appendix D. 
 
Task 4: Complete other aspects of the breast cancer training program 
 
Task 4(a) 

As of now, I have only observed a new breast cancer screening approach using random periareolar fine 
needle aspiration (rpFNA) which is done mostly in high-risk women. rpFNA is similar to pap-smear in that a 
sample of cells is collected from the entire breast. Patients were asked to lie on their backs on the table. For 
each breast, about 9 aspirations are taken from the outer (~9 o’clock) and inner side (~3 o’clock) near the 
nipple surface and areola. Before starting each side, the patient’s breast is numbed with a couple of injections 
of an anesthetic. A needle is positioned in the same spot (fulcrum) as the anesthetic injection and moved 
around the fulcrum to collect random samples around the circumference of the squeezed breast. Once the 
sample is collected, the contents of the syringe are transferred to another tube with RPMI solution, which is 
used to prevent cells from sticking to each other. This is repeated 3 more times (using separate needles) with 
an additional needle injected in the outer side for fatty cell content. Another four samples are collected from the 
inner side and transferred to another set of tubes. This is repeated for the contralateral breast. The cell count in 
these tubes can vary from 5 to more than 5,000. Cold packs were applied to the breast and chest wall and 
women were asked to wear a sports bra to minimize any breast movement. For each breast, the procedure 
took about 15 minutes. Cells from the outer, inner, left and right breast are processed separately. For each 
side, samples are collected in two tubes to test correlation and examine for abnormality. 

I plan on continuing to observe additional clinical aspects in breast cancer imaging for the remaining two 
years. 
 
Task 4(d) 

Research work that has been shown here has been presented at SPIE Medical Imaging Conference and 
IEEE Nuclear Science and Medical Imaging Conference. I also attended the Society of Nuclear Medicine 
Conference and Radiological Society of North America Conference which was a great experience. Although I 
did not present any of my research work, it was a great to see the clinical aspects of medical imaging. I plan on 
attending these same and other conferences in the next two years. 
 
C. KEY RESEARCH ACCOMPLISHMENTS 
 
Year 1 included Tasks 1(a)-(c) and 4(a) from the original statement of works (Appendix A). However, Task 1(b) 
was not completed due to the complexity of combining the softwares of the two systems. This will now be done 
in Year 2. Instead, Task 1(d) and Task 3(a), which were promised in Year 2, were completed. Below is a 
specific summary of the progress that has been made. 
 

• Since the limiting factor in designing a customized patient bed was the CmT system, the evaluation of 
lesion distortion, reconstruction artifacts, and sampling insufficiency in CmT images at different tilts 
were first explored. A 6.2° tilt was decided upon since the cone-beam is nearly flat at the top near the 
patient bed which allows more complete sampling of the breast near the chest wall (Appendix B).  

 

• Using a 3D CAD program, Autodesk Inventor, the hybrid system was designed and built.  
 

• A customized patient bed specific for this hybrid system was built. I was a co-author for this work. 
 

• An optimal imaging sequence protocol was developed (Appendix C).  
 

• Using the hybrid system, customized patient bed, and imaging sequence, the first hybrid patient study 
was conducted. CmT images showed limited visualization of the patient wall but with improved patient 
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imaging this will hopefully not be a problem. These results have and will be presented at various 
conferences (Appendix D). In the next few months, more patient studies using the hybrid system will be 
performed. 

 

• Task 4(a) is still currently in progress. I have only observed a new breast cancer screening approach 
using rpFNA. I plan on continuing to observe additional clinical aspects in breast cancer imaging for the 
remaining two years. 

 

• Work has been presented at various conferences and future work will also be presented in upcoming 
conferences. 

 
Related 
 

• Results from this work were presented in my preliminary proposal, “Development and Optimization of a 
Dedicated Dual-Modality SPECT-CmT System for Improved Breast Lesion Diagnosis”, which was 
accepted by my dissertation committee on July 19, 2007. 
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E. CONCLUSION 

 
A hybrid dual-modality SPECT-CmT system for dedicated breast imaging was built. The effect of 

reconstructed images at various CmT system tilts was investigated to find an optimal tilt that would completely 
sample a pendant, uncompressed breast and fit over a customized patient bed. In the end, it was decided that 
a 6.2° tilt would be optimal since it would completely sample the breast near the chest wall. Investigation of the 
SPECT physical constraints on the CmT images led to the development of a sequential data acquisition 
protocol for the SPECT-CmT system. Using this protocol, sampling/resolution properties and image registration 
with the use of external fiducial markers were performed. This was further extended to using the hybrid system 
to acquire data from a patient with confirmed breast cancer. In addition, other breast cancer detection protocols 
outside my research area were observed to learn different aspects in this field. 
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APPENDIX A: STATEMENT OF WORK 
 
Task 1 Design and implement a dual-modality prototype system (Months 1-17): 

a. Investigate effect of physical constraints (such as having the SPECT camera partially in front of 
the x-ray detector) on scatter contamination in reconstructed images. (Months 1-5) 

b. Develop software to synchronize both systems during image acquisition. (Months 6-11) 
c. Develop an ideal sequence (based on complete sampling, physical constraints) for emission 

and transmission data acquisition. (Months 11-12) 
d. Explore 3D complex orbits with physically possible optimal orientations and tilt angles that can 

be used to have the system fit underneath the patient bed and still be able to image close to the 
chest wall. (Months 13-17) 

 
Task 2 Optimize CmT system by applying corrections to improve image quality (Months 18-29): 

a. Investigate methods to reduce circular artifacts in reconstruction from CmT images collected 
with a centered object and laterally offset central x-ray beam. (Months 18-22) 

b. Investigate and implement scatter correction methods to CmT images. (Months 23-29) 
 
Task 3  Evaluate SPECT system for quantification measurements of lesion activity (Months 22-36): 

a. Perform image registration of SPECT and CmT images using existing image registration 
algorithm (i.e. surface fitting technique) with the aid of fiducial markers. (Months 22-23) 

b. Investigate, implement, and compare two attenuation correction methods (i.e. uniform 
attenuation distribution, CmT-based attenuation distribution) to apply to SPECT data. (Months 
24-30) 

c. Perform SPECT quantification measurements incorporating all corrections using phantoms and 
lesions with known concentration activity. (Months 30-36) 

 
Task 4 Complete other aspects of the breast cancer training program (Months 1-36): 

a. Shadow a radiologist(s) to observe the clinical and diagnostic side in breast cancer imaging 
(Nuclear Medicine, Mammography). (Months 1-12) 

b. Publish research work in peer-reviewed journals. (Months 1-36) 
c. Attend and present at local seminars offered at Duke University through Medical Physics and 

the Breast and Ovarian Oncology Research Program, which is part of the Duke Comprehensive 
Cancer Center. (Months 13-36) 

d. Attend international conferences such as SPIE Medical Imaging Conference, DOD BCRP Era of 
Hope Meeting, IEEE Medical Imaging Conference, RSNA Conference, and San Antonio Breast 
Cancer Symposium. (Months 13-36) 

e. Prepare thesis and defend. (Months 30-36) 
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ABSTRACT 

 
A hybrid SPECT-CT system for dedicated 3D breast imaging (mammotomography) is currently under development. 
Each imaging system will be placed on top of a single rotation stage and moved in unison azimuthally, with the SPECT 
system additionally capable of polar and radial motions. In this initial prototype, the CT system will initially be 
positioned at a fixed polar tilt. Using a phantom with three tungsten wires, the MTF of the CT system was measured in 
3D for different CT system tilts. A phantom with uniformly arranged 0.5cm diameter acrylic spheres was suspended in 
air in the CT field of view, and also placed at multiple locations and orientations inside an oil-filled breast phantom to 
evaluate the effect of CT system tilt on lesion visibility and distortion. Projection images were collected using various 
simple circular orbits with fixed polar tilts ranging between ±15°, and complex 3D saddle trajectories including 
combined polar and azimuthal motions at maximum polar tilt angles. Reconstructions were performed using an iterative 
reconstruction algorithm on 4x4 binned projection images with 0.508mm3 voxels. There was minor variation in the 
MTF in the imaged volume for the CT system at all trajectories, potentially due to the use of an iterative reconstruction 
algorithm. Results from the spherical cross phantoms indicated that there was more reconstruction inaccuracy and 
geometric distortion in the reconstructed slices with simple circular orbits with fixed tilt in contrast to complex 3D 
trajectories. Line profiles further showed a cupping artifact in planes farther away from the flat plane of the x-ray cone 
beam placed at different tilts. However, this cupping artifact was not seen for images acquired with complex 3D 
trajectories. This indicated that cupping artifacts can also be caused by undersampled cone beam data. These findings 
generally indicate that despite insufficient sampling with the cone beam imaging geometry, it is possible to place the CT 
system at a stationary polar tilt with the CT tube positioned upward such that a patient can be comfortably placed above 
the system and allow complete sampling near the top of the pendant, uncompressed breast and chest wall. However, a 
complex 3D trajectory allows for more complete sampling of the entire image volume. 
 
Keywords: computed tomography, tomography, mammotomography, breast imaging, transmission imaging, cone 
beam, dual –modality, orbits, iterative reconstruction, modulation transfer function (MTF) 
 
 

1. INTRODUCTION 
 
Over the past decade, dual-modality tomographic imaging systems have grown in popularity and offer great promise in 
the detection and staging of numerous cancerous diseases, monitoring and prediction of treatment therapies, and 
improving precision of surgical biopsies. The main benefit of simultaneously acquiring 3D transmission and emission 
data is in the ability to fuse the structural anatomical framework of an object obtained from a transmission image onto 
an emission image that illustrates the localization of the radioactive metabolic uptake (i.e. function) of a tumor. 
Additionally, the transmission data can be used to estimate an attenuation map of the object and can be applied to the 
emission data to compensate for photon attenuation and absorption by overlapping structures. It is expected that 
integrating complementary anatomical and functional information can lead to further improvement in visual quality and 
quantitative accuracy of radionuclide imaging over independent systems1-5. 
 
Our lab has been working on developing such a dual-modality single photon emission computed tomography (SPECT) 
and computed mammotomography (CmT) imaging system specifically dedicated to fully-3D breast imaging6-8. With the 
compact, high performance gamma camera of the SPECT system9 and novel quasi-monochromatic x-ray cone beam of 



the CmT system10, 11, both systems have independently yielded visualization of small lesions in the breast, especially 
ones closer to the chest wall. The 3D motion positioning of each system allows the detector to be positioned anywhere 
about a pendant, uncompressed breast10, 12-14. 3D acquisition trajectories have been implemented to contour the breast 
and image further into the breast by utilizing the system’s azimuthal and polar tilting capabilities.  
  
In its initial integration, the SPECT system retains its fully 3D positioning. However, the CmT system is at a fixed tilt 
angle and restricted to the 360° azimuthal direction around the vertical axis of a pendant breast. This limits the CmT 
system in imaging deep into the breast and axillary region, and introduces insufficient sampling which was previously 
shown by us to be overcome by using 3D complex acquisition trajectories12. In this study, we describe the configuration 
of the dual-modality SPECT-CmT system and quantify the effects of spatial resolution and lesion distortion of the CmT 
system at different stationary tilts and 3D complex acquisition trajectories. It is necessary to find a stationary tilt that 
will provide sufficient information and allow maximal access to the patient’s breast, and accommodate a custom patient 
bed that can fit above this compact hybrid system and shield the patient from scattered, low energy x-rays and photons, 
and maintain patient comfort15. 
 

2. MATERIALS AND METHODS 

2.1. Overview of the SPECT-CmT System 
The first prototype compact dual-modality SPECT-CmT system was built (Fig. 1) to image a pendant uncompressed 
breast6. Both systems, using separate detectors to view an object in the common field-of-view (FOV), rest on top of a 
common rotation stage (model RV350CCHL, Newport Corp., Irvine, CA) to allow an azimuthal rotation of 360° around 
the vertical axis of the breast. The SPECT system is placed at a fixed position such that it is 90° relative to the x-ray 
source-detector axis, and the center of rotation (COR) matches the COR of the CmT system. With both systems on the 
same gantry, the patient will not be required to move between the SPECT and CmT acquisitions. A customized patient 
bed, which will be placed above the hybrid system, is currently being designed such that it will maintain patient comfort 
and allow the imaging systems to contour the patient’s breast15. 

 
Figure 2 shows a few images of the current dual-modality SPECT-CmT system rotating around a pendant 
uncompressed breast. As shown in the corresponding polar plot, the SPECT system has its fully 3D positioning 
capabilities while the CmT system remains at a fixed polar tilt as the system rotates 360° around the breast.  
 
Along with the parallel beam imaging geometry of the SPECT system, the entire volume of the breast is in the FOV of 
both systems even at different cone beam CmT tilts. This is shown in the 3D CAD drawings of the SPECT-CmT system 
in Fig. 3. Additionally, in order to completely sample the entire volume of interest, the central ray of the CmT cone 
beam is laterally offset 5cm relative to the center of rotation11. 

 

Figure 1: Photograph of the prototype dual-modality dedicated breast imaging tomographic system. The SPECT system (center) 
is placed orthogonally to the CmT tube (right) and digital flat-panel detector (left). The arrows illustrate system motions 
(azimuthal, polar, and radius of rotation). Note that the pendant breast is in a common FOV of each system. 



 

2.2. SPECT System 
Our current emission tomography system uses a compact 16x20cm2 field of view Cadmium Zinc Telluride (CZT) 
gamma camera (model LumaGEM 3200STM, Gamma Medica, Inc., Northridge, CA) with discretized crystals, each 
2.3x2.3x5mm3 on a 2.5mm pitch. Measured energy resolution of the gamma camera at 140keV is 6.7% FWHM and 
collimator sensitivity is 37.9cps/MBq13. Higher energy resolution is the primary reason of using the CZT camera over 
scintillators such as the NaI(TI)-based cameras for the SPECT system. This system has a parallel-hole collimator with 
hexagonal holes (1.2mm hole size flat-to-flat, 0.2mm septa, and 25.4mm height). The camera is attached to a laboratory 
jack and a goniometric cradle (model BGM200PE, Newport Corp., Irvine, CA) permitting various radius of rotations 
(RORs) and polar tilts (ϕ), respectively.  

2.3. CmT System 
Our existing cone beam transmission tomography system uses a rotating tungsten target x-ray source (model Rad-94, 
Varian Medical Systems, Salt Lake City, UT) with a 0.4/0.8mm focal size and 14° anode angle and a 20x25cm2 FOV 
CsI(T1)-based amorphous silicon digital x-ray detector (model Paxscan 2520, Varian Medical Systems, Salt Lake City, 

Figure 2: Photographs at different positions of the dual-modality system rotating around a pendant, uncompressed phantom breast 
and torso. Polar plot (center) is shown for the SPECT (3D PROJSINE orbit is dotted) and CmT systems (vertical axis of rotation 
[VAOR] orbit is solid circle). 

Figure 3: 3D CAD model of the SPECT-CmT system with a breast placed at the center of rotation of the system. The breast is in 
the FOV of both systems regardless of the tilt of the CmT system (-15 degrees shown in this diagram). This is shown with the 
intersection of both the parallel beam of the SPECT system and the cone beam of the CmT system.  



UT) with a grid size of 1920x1536pixels and 127μm pitch. Source and detector are secured to the same metal plate as 
the SPECT system. A custom built collimator is attached to the x-ray source to hold ultra-thick K-edge beam shaping 
filters to produce a quasi-monochromatic beam16. For these studies, a Ce 100th attenuating value layer filter (Z=58, 
ρ=6.77g/cm3, K-edge=40.4keV, Santoku America, Inc., Tolleson, AZ) was used to yield a mean energy of ~36keV and 
FWHM of 15%. In the hybrid setup, the source-to-image distance (SID) was 60cm and source-to-object distance (SOD) 
was 38cm. The central ray of the CmT cone beam is laterally offset 5cm relative to the center of rotation to completely 
sample the entire volume of interest11. Unlike the SPECT system, the CmT system is at a fixed tilt angle and restricted 
to only azimuthal motion. 

2.4. Phantoms 
The MTF in 3D was calculated using an MTF thin-wire phantom as previously described17 (Fig. 4, LEFT). Three 
tungsten wires of 508µm diameter and ~11cm length were positioned nearly orthogonal to each other within the cube 
such that they were visibly separable in their positions and did not touch each other near the center. 

 
To measure the lesion visualization and distortion at different planes of the image volume, a phantom consisting of 
multiple circular acrylic bands of varying diameters and 2cm height were constructed (Fig. 4, RIGHT). Plastic wrap 
(“Saran”) with 0.5cm diameter acrylic balls arranged on a 1cm center-to-center pitch in a cross pattern using a jig was 
stretched and glued to the bottom of each circular frame. The completed frames could then be easily stacked and also 
immersed in liquids while retaining the distribution of spheres on a single plane. 

2.5. Data Acquisition 
For the MTF and lesion distortion evaluation experiments, the independent CmT system was used in its original 
goniometric configuration10-12. In this setup, the source-to-image distance (SID) was 55cm and the source-to-object 
distance (SOD) was 35cm. Tube potential was set at 60kVp with a 1.25mAs exposure. MTF was measured by 
suspending the MTF phantom in air at the COR of the CmT system. Tilt effects were also evaluated by stacking the 
multiple spherical cross phantoms in a 1050mL breast phantom shell (nipple-to-chest distance of 11cm, medial-to-
lateral distance of 17cm, and superior-inferior distance of 18cm). These measurements were taken in air and with the 
breast uniformly filled with mineral oil to provide different contrasts between the acrylic spheres and breast 
background. Mineral oil has an intrinsic density of 0.87 g/cm3 and acrylic has a density of 1.19 g/cm3. 
 
Initial measurements were obtained using a simple circular trajectory at 0, ±5, ±10 and ±15 degree fixed polar tilts (Fig. 
5, LEFT), and a saddle trajectory having +15 to -15 degree polar tilt (Fig. 5, RIGHT). Note that a negative polar tilt is 
defined as the x-ray source moving up (closer to the patient bed) and the detector moving down (closer to the ground). 
Projection images were collected every 1.5° through a 360° azimuthal acquisition for a total of 240 projections. 
Although the breast is truncated (as shown in the 3D CAD drawings), the spherical cross phantoms were placed in the 
breast such that they were in the center of the field-of-view and not truncated. 

Figure 4: (LEFT) Photograph of the MTF phantom used to measure the MTF in 3D. (RIGHT) Photograph of the phantom with 
small spheres suspended on thin plastic sheets inside each circular band; each sphere is a 0.5cm diameter acrylic ball arranged in 
a cross pattern to measure lesion visualization at different planes in an image volume. 



2.6. Image Reconstruction 
Image reconstruction was performed on the CmT projection images using a statistically based iterative, ray-driven 
ordered-subsets transmission algorithm (OSTR)10, 11, 16. Projection images were corrected for gain and offset and binned 
to 4x4 pixels. Reconstruction parameters for the MTF acquisition were set to 10 iterations, 8 subsets, 350x350x384 
reconstruction grid, and 508μm3 voxel size. Reconstruction parameters for the lesion distortion measurements were set 
to 5 iterations, 16 subsets, 350x350x384 reconstruction grid, and 508μm3 voxel size. 

2.7. Data Analysis 
Using an algorithm described previously17, reconstructed images of the MTF phantom were used to calculate the MTF 
at different locations along each of the three wires. The MTFs were compared among the different acquisition orbits. 
 
Lesion visualization and distortion were observed using the reconstructed images of the circular discs phantom collected 
for all acquisition orbits. For each circular disc, line profiles were drawn over the lesions in the horizontal and vertical 
directions. For each circular disc placed in oil, the line profiles obtained through the spheres were fit to a Gaussian 
curve and fit parameters extracted. Although the full-width at half maximum (FWHM) only partially characterizes the 
spatial resolution, it can be useful in making comparisons among different acquisition techniques such as CmT system 
tilts. Another useful parameter was the sphere’s centroid which could be compared to the known 1cm pitch on the 
original phantoms. 
 

3. RESULTS AND DISCUSSION 

3.1. MTF in 3D 
As shown in Figure 6 and Table I, there was no significant difference between the MTFs. As shown previously17, the 
MTF does show improvement when the sampling rate is increased by binning the original projection images to 2x2 
rather than 4x4. However, with the limitations in computer processor speed and memory, the current iterative 
reconstruction code can only handle 4x4 binned uncropped image sets and reconstruct to a limited grid size.

-15°  15° 

  0°    0° 

15°  -15° 

Figure 5: (TOP) Polar plots for (LEFT) simple circular trajectories at 0, ±5, ±10, and ±15 degree fixed polar tilts and (RIGHT) 
3D saddle trajectories. Polar tilt of the CmT system is defined by the radius of the circle, and azimuth angle is defined around the 
circumference of the circle. (BOTTOM) The 3D CAD drawings of the setup of the CmT system are shown to illustrate the 
location(s) of the system during the acquisition. Negative polar tilt is defined as the x-ray detector moving down (or x-ray source 
moving closer to the patient bed). The breast phantom is placed in the cone beam CmT’s FOV, and is seen to be laterally 
truncated somewhat in the drawings. Dark circles underneath CAD drawings indicate polar displacement with changing azimuth. 



Since MTF measurements were taken using wires made of a highly attenuating material placed in air, there is a large 
difference in attenuation coefficients between the wire and background in the projection images. At each iteration, the 
nonlinear reconstruction algorithm maximizes this difference between pixel values and therefore a similar answer is 
obtained for all acquisition trajectories in just a few iterations. Thus, a similar study needs to be done to investigate the 
MTF when the phantom is instead placed in a scatter media (e.g. oil, water) such that there is not a large difference in 
attenuation values with tungsten and to add background noise. 

 
Table 1: RMSD values along the top, middle, and bottom segment of each of the three tungsten wires for various acquisition 

trajectories 
 Wire A Wire B Wire C 

Orbits Top-
Middle 

Middle-
Bottom 

Top-
Middle 

Middle-
Bottom 

Top-
Middle 

Middle-
Bottom 

-15 0.020 0.011 0.019 0.018 0.045 0.015 
-5 0.007 0.023 0.021 0.016 0.015 0.006 
0 0.011 0.012 0.014 0.026 0.015 0.012 
5 0.014 0.025 0.018 0.013 0.014 0.014 

15 0.014 0.011 0.017 0.023 0.010 0.008 
Saddle 0.021 0.010 0.022 0.011 0.009 0.026 

 

0° Tilt Saddle 

+5° -5° Tilt 

+15° -15° 

Figure 6: Measured MTF of the top, middle, and bottom part for Wire C for (TOP LEFT) 0, (MIDDLE) ±5, and (BOTTOM) ±15 
degrees and (TOP RIGHT) saddle trajectory 



3.2. Lesion Visualization/Distortion 
Lesion distortion was first measured in different coronal slices of the breast phantom by obtaining line profiles over the 
acrylic balls in each circular phantom disc. Profiles were drawn through the lesions in each of the three smallest circular 
discs placed closest to the nipple (Fig. 7). From these profiles, it is seen that there is not much difference between the 
profiles for the spherical cross phantoms regardless of which acquisition trajectory (fixed tilt or saddle) was used.  

 
By examining the reconstructed coronal slices at each of the circular discs, overlapping structures are apparent for 
reconstructed slices obtained using stationary polar tilt orbits (Fig. 8 and Fig. 9). Due to the failure to meet Tuy’s data 
sufficiency condition in the polar direction for fixed tilt orbits18, reconstruction of slices for locations far away from the 
flat plane of the cone beam contains errors due to insufficient sampling. This can be best explained in the 3D drawings. 
As shown in Fig. 8, when the CT detector is down (closer to the ground) at a -10° tilt, the cone beam is relatively flat at 
the top. At this slice, there is nearly complete sampling where we can see all the lesions and no overlapping structures 
(Fig. 10). However, as we look at reconstructed slices closer to the nipple, overlapping structures become more 
noticeable. At this tilt, each ray of the cone beam intersects the phantom in a similar way regardless of the azimuthal 
source-detector location. Due to the insufficient polar sampling to “fill in” additional views of the object in the FOV, 
out of plane information is inaccurately superimposed on any single plane of interest. The same is true in the +10° tilt 
case, whereas the reconstruction inaccuracy occurs for slices that are reconstructed from divergent cone beams rays 
away from the flat plane at the bottom of the cone beam (Fig. 9). Reconstruction inaccuracy would generally increase 
with larger cone beam angles. In addition to reconstruction inaccuracy, geometric distortion also results with circular 
orbits12. However, using the saddle trajectory, there is more complete polar sampling yielding far fewer noticeable 

Phantom Image Vertical Profile Horizontal Profile 

Figure 7: (LEFT) Reconstructed slices of the sphere phantoms acquired with saddle. (MIDDLE) Vertical and (RIGHT) horizontal 
profiles drawn through lesions at the level indicated by the white arrows in the top image plane.  



artifacts in the reconstructed slices (Fig. 8 and Fig. 9, 3RD TO LEFT). This is confirmed by the line profiles through the 
images (Fig. 8 and Fig. 9, RIGHT). With 3D acquisition trajectories such as saddle, there is no single ray that looks at 
the phantom from exactly the same vantage, resulting in more complete sampling and removal of overlapping 
structures. Although more lesions can be clearly seen when the cone beam is flat near the top of the breast (i.e. -10° tilt), 
complex 3D trajectories allow for less distortion and more complete sampling (Fig. 10).  

Figure 8: (LEFT) 3D CAD drawing of the setup of the -10° tilted orbit with a black dashed line indicating the vertical axis of 
rotation. (2ND TO LEFT) Reconstructed slice of the third smallest spherical cross phantom obtained with -10° tilted orbit. Arrow 
illustrates of an overlapped region (shown in arrow) due to sampling insufficiency acquired with a fixed polar tilt. (3RD TO 
LEFT) Reconstructed slice of the same phantom acquired with the saddle trajectory. No overlapped region is seen. (RIGHT) Line 
profile (shown in arrow on the Saddle slice) shows that there is some artifact in the slice acquired with the -10° tilt.  

Acquired Slice with  
-10° Tilt -10° Tilt 

Acquired Slice with 
Saddle 

Figure 9: (LEFT) 3D CAD drawing of the setup of the +10° tilted orbit with a black dashed line indicating the vertical axis of 
rotation. (2ND TO LEFT) Reconstructed slice of the second largest spherical cross phantom obtained with -10° tilted orbit. Solid 
arrow illustrates an overlapped region due to sampling insufficiency acquired with a fixed polar tilt. Dotted arrow illustrates the 
geometric distortion of the acrylic frame. (3RD TO LEFT) Reconstructed slice of the same phantom acquired with the saddle 
trajectory. No overlapped region or geometric distortion is seen. (RIGHT) Line profile (shown in arrow on the Saddle slice) 
shows that there is some artifact in the slice acquired with +10° tilt. 

Acquired Slice with 
+10° Tilt +10° Tilt 

Acquired Slice with 
Saddle 

Figure 10: Reconstructed slice of the top spherical cross phantom acquired at (LEFT) -10°, (MIDDLE) +10°  tilt, and (RIGHT) 
Saddle trajectory. As shown in the 3D CAD drawing, the top plane at the -10° tilt is more uniformly sampled. Even though more 
lesions are seen at the -10° tilt, 3D complex trajectories have less distortion and more complete sampling in the rest of the 
reconstruction volume. 

-10° Tilt +10° Tilt Saddle 



 
Profiles drawn over the lesions of the second largest spherical cross phantom shown in Fig. 9 are shown in Fig. 11. 
Vertical and horizontal profiles show that the insufficient sampling from a fixed tilt orbit results in a cupping-type 
artifact, which could be mistaken for scatter or beam hardening. Since the spheres are virtually suspended in air on a 
thin plastic sheet, scatter is minimal in this experimental setup. Thus, any scatter correction applied to this region may 
“flatten” the response across the image, but would incorrectly account for the measured scatter response, which is really 
due to an artifact from insufficient sampling with a fixed cone beam source tilt. 

Effects of sampling insufficieny were also seen in the reoriented sagittal slices of the data (Fig. 12). When the system is 
at a -10° tilt, there is better sampling at the top of the reconstructed volume rather than the bottom as seen by the 
uniformity of the peak heights of the profiles across the FOV. This is reversed for the +10° tilt, which again shows a 
similar cupping artifact as illustrated earlier in Fig. 11, which plane was located at an extreme of the cone beam. 
However, while the particular image shows artifacts at the top with a saddle trajectory, there is uniformity along the 
entire reconstructed volume for the indicated spheres. 
 

Figure 11: (LEFT) Vertical and (RIGHT) horizontal profiles over lesions of the second largest spherical cross phantom obtained 
with +10° tilt and saddle shown in Fig. 9. There is a cupping artifact seen with the fixed tilt orbit by observing the intensities 
from the edge towards the center, which could be mistaken as due to scatter. This is missing from the saddle acquired data due to 
its more sufficient sampling throughout the imaged volume. 

Vertical Horizontal

Figure 12: (TOP) Sagittal reconstructed slices of the spherical cross phantoms acquired with indicated trajectories. (BOTTOM) 
Profiles drawn through spherical cross phantom (BOTTOM LEFT) at level 2 (indicated in TOP MIDDLE image) and (BOTTOM 
RIGHT) at level 4. -10° tilt shows greater peak uniformity at the 4th level sphere phantom, while +10° tilt shows more uniformity 
at the 2nd level of the phantom. Saddle trajectory shows peak height uniformity along both cross phantoms. 

+10° Tilt -10° Tilt Saddle 

2 

4 



In order to assess whether these phenomenon are visible in more solid objects, the breast containing the spheres was 
uniformly filled with mineral oil. Due to the physical distortion of the breast phantom when filling it with oil (i.e. the 
added weight), only the four smallest circular phantoms fit in the breast shell. Fig. 13 shows the reconstructed slices of 
the 3rd smallest circular phantom in the breast filled with oil measured with different trajectories. Horizontal profiles 
were drawn over the lesions (Fig. 14). Just as in the experiments in air, the negative tilt orbits showed more uniform 
sampling since this layer of the phantom was located closer to the flat part of the cone beam.  

 
When closely observing the reconstructed images for all trajectories, a circular ring appears in the reconstructed slices, 
except for the saddle trajectory (Fig. 13). Typically, such a circular ring in reconstructed images is caused by a bad pixel 
or series of them in the detector. We believe this is the case here for the fixed tilt orbits. However, the advantage of 
using a 3D complex trajectory such as saddle is that the same bad pixel does not always view the object from the same 
vantage, in contrast to simple circular orbits. Because of this, reconstructed images acquired with the saddle trajectory 
tend to not have these artifacts. 
 
FWHM values were calculated for the outer lesions in the top sphere phantom (level 4). Some of these values are shown 
below (Fig. 15). Similar to the case shown in air, it is seen that the -10° has a smaller FWHM values (less spread) than 
rest of the orbit. At this slice, this specific orbit has more complete sampling since the rays are more towards the flat 
part of the cone beam as shown in the 3D CAD drawing in Fig. 8.  

 

Figure 13: Reconstructed slices of spherical cross phantom in oil acquired at various acquisition trajectories as indicated. Images 
acquired with a stationary polar tilted, circular orbit had a circular ring (indicated by arrow) in some of the reconstructed slices. 
However, in the same slice for the saddle trajectory, there is no circular ring apparent. 

-15° -10° 

+15° +10° 

Saddle 

Figure 14: Horizontal profiles of (LEFT) ±10° and (RIGHT) ±15° tilts and saddle at the 3rd ring level from the nipple. Negative 
tilts and 3D complex trajectories show more uniform sampling. 



 
4. CONCLUSIONS 

 
Imaging with a dedicated dual-modality breast imaging tomographic system may help to improve identification and 
localization of lesions that is crucial for patient screening, diagnostics and therapeutic monitoring. In this work, we have 
demonstrated a prototype SPECT-CmT system that can provide volumetric fully-3D registered and fused breast images. 
This system can image an entire breast close to the chest wall to facilitate the detection and biopsy of small tumors 
without breast compression. This system has common emission (SPECT) and transmission (cone beam CT) FOVs that 
intersect each other, as opposed to being either on separate systems or linearly juxtaposed on separate gantries. 
 
The CT component of the hybrid assembly was characterized for various system orientations and acquisition 
trajectories. Results of MTF evaluation in 3D show that there is little difference in the measured MTF throughout the 
volume regardless of the particular imaging geometry used. However, this may be due to the fact that an iterative 
algorithm is used to reconstruct the high contrast thin-line source data, after blurring the projection data by binning to 
4x4 pixels. 
 
Imaging results of plastic spheres suspended throughout the 3D breast volume and acquired using stationary polar tilted 
simple circular orbits demonstrated geometric distortions and reconstruction inaccuracies that manifest themselves as 
cupping artifacts. Slight blur was seen around the spheres near the edges of the FOV. Additional blur was progressively 
observed away from the flat plane of the cone beam, which had the more complete sampling using simple circular orbits 
and tilted source-detector angles. These artifacts are in addition to but are distinct from any scatter or beam hardening 
induced cupping artifacts, indicating that simple scatter correction algorithms present in some systems may overestimate 
the component, since the cupping artifact is a threefold feature in undersampled cone beam data. Cupping artifacts are 
thought to be comprised of: scatter, beam hardening and sampling. The latter two are intrinsically corrected for in our 
independent dedicated breast CT system since we use a quasi-monochromatic beam which virtually eliminates beam 
hardening10,16 and complex 3D sampling strategies to acquire more completely sampled cone beam projections of the 
breast as described previously11,12 and in this paper.  
 
Currently in our prototype dual-modality system, the CmT component has a stationary tilt. Results indicate that by 
having the cone beam flat near the top of the breast allows for more complete sampling near the chest wall and more 
lesions can be clearly seen than for a completely sampled complex 3D trajectory. The drawback is that there are 
overlapping structures, geometric distortion, and incomplete sampling in the rest of the reconstruction volume. 
Therefore, for more distortion free images, use of complex 3D trajectories in imaging procedures having more complete 
sampling is suggested. The volume limitation issue of complex sampling may be ameliorated by lowering the object 
farther into the FOV, provided it is possible to do so. Specific design of a patient support apparatus is underway in our 
lab to try to accommodate this15.  
 

Figure 15: (LEFT) Reconstructed slices of the top spherical cross phantom in oil acquired at -10° acquisition tilt. FWHM values 
were determined over the lesions specified by the numbered arrows. (RIGHT) Mean FWHM values (in mm) over the lesions in 
the top circular phantom in oil. Standard deviation is shown in solid vertical bars.  
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 Abstract– A dual-modality SPECT-CT system for dedicated 
3D breast cancer imaging is under development. Independent 
dedicated SPECT and CT imaging systems have been integrated 
onto a single gantry for uncompressed breast imaging. This study 
examines challenges and tradeoffs involved in integrating the 
acquisition procedures of two independent imaging systems into 
a single imaging protocol. The physical limitation of the rotating 
CT tube beneath the custom patient bed currently provides only 
a 294 degree scan with the bed low enough for the breast to be in 
the cone-beam CT field-of-view. The directly coupled SPECT 
system is therefore also limited if the scans are to be taken 
simultaneously or in an interleaved fashion. Thus, geometric 
phantoms are imaged to characterize image degradations due to 
reduced projection angles for both modalities. Two different 
acquisitions were performed: one with the central ray of the CT 
cone-beam aligned with the system’s center of rotation and one 
offset from the center of rotation by 5cm. Various sized activity-
filled lesions in an anthropomorphic breast phantom were 
imaged, first with uniform aqueous background activity and then 
with added acrylic pieces to simulate a non-uniform background. 
Interleaving the SPECT and CT acquisitions into a single scan 
was also investigated. Iterative reconstruction algorithms are 
used to reconstruct the data, and the SPECT and CT images are 
co-registered. Both the cold rod and breast data indicate that 
removing 75o of SPECT azimuthal data does not significantly 
reduce image quality. CT images were also minimally affected if 
the cone-beam is centrally aligned with the center of rotation, but 
degraded with the laterally offset cone–beam setup. In the course 
of these experiments, the patient bed was reconfigured with a 
larger central hole covered with flexible neoprene, gaining the 
ability to rotate completely around the breast and dramatically 
improving CT projection views through the chest wall. 

 

I. INTRODUCTION 

NDEPENDENT SPECT and x-ray CT subsystems developed in 
our lab have been integrated into a single system for pendant 

uncompressed, fully-3D multimodality breast imaging, 
providing co-registered volumetric anatomical and functional 
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information [1]. A custom-designed patient bed was also 
developed with the goal of maximizing patient comfort while 
imaging close to the chest wall [2]. This study examines 
challenges and tradeoffs involved in integrating the acquisition 
procedures of two independent imaging systems into a single 
imaging protocol. 

The benefits of simultaneous or interleaved SPECT-CT 
imaging include potentially shorter overall imaging times, 
simpler inherent image registration, and more straightforward 
SPECT attenuation correction using the corresponding CT 
data.  Consecutive scans benefit from improved and more 
uniform 3D SPECT resolution and sampling.  Emission 
contamination of the CT images can also be avoided by 
acquiring the CT scan prior to radionuclide injection of the 
patient [3]. 

Reduced or limited angle tomography has been investigated 
for both emission and transmission breast imaging [4-9].  
These studies usually involve limited circular imaging 
trajectories of less than 180 degrees. Our objective is to 
qualitatively examine the tradeoffs of removing a much 
smaller portion of the full 360 degree azimuthal imaging arc. 
The SPECT component of our system also introduces the 
question of how reduced angle tomography affects complex 
3D imaging trajectories [10, 11]. 

 

II. MATERIALS & METHODS 
Specifics and materials of the individual subsystems, 

combined hybrid SPECT-CT system, as well as the patient 
bed have been detailed previously [1, 2, 12, 13]. 

The physical limitation of the rotating CT tube beneath the 
custom patient bed, combined with the dead edge at the top of 
the CT detector, currently prevents a full 360 degree dual-
modality scan with the bed low enough for the breast to be 
fully in the cone-beam CT field-of-view (FOV).  To increase 
the volume of the breast in the FOV, the bed was lowered and 
projection images were acquired at a reduced number of 
angles (~294 degrees) about the breast, avoiding the head rest 
of the patient (Fig. 1). The directly coupled SPECT system is 
therefore also limited in motion if the scans are taken 
simultaneously in the common FOV. Alternatively, following 
a reduced angle CT scan, a separate SPECT scan can be made 
by fixing the SPECT system center of rotation (COR) higher 
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than the CT system and raising the bed to allow a 360o

clearance of the CT tube and detector. 

A. Geometric Phantom Study

A mini-cold rod phantom (model ECT/DLX-MP, Data 

Spectrum Corp., Hillsborough, NC) placed in a 7.7cm inner 
diameter cylinder was first used to characterize reduced angle 
tomography for both the SPECT and CT systems.  The 2.6cm 
long rods were arranged in six sectors of equal diameters of 
4.7, 3.9, 3.1, 2.3, 1.5, and 1.1mm, on a pitch of twice their 
diameters.  9.5mCi of 99mTc in water filled the interstitial 
spaces.  The phantom was suspended vertically with the mini-
rods in the center of the camera’s field of view and parallel to 

the camera surface.  
Data were acquired on the independent SPECT system 

using a simple 128 projection vertical-axis-of-rotation 
(VAOR) orbit over 360o, acquired for 27 seconds per 
projection. This yielded a count rate of ~3.5kcounts/sec or 
approximately 95k counts per projection (in a ±4% energy 
window).  List-mode data from the full 360o acquisition were 
then post-processed by removing projections to simulate 
reduced angle acquisitions of 180o, 240o, and 300o. The list-
mode projection data were also truncated such that the total 
number of counts over the entire acquisition remained the 
same in an effort to make a time-normalized comparison of 
the varying reduced angle trajectories.  SPECT data were 
reconstructed using an ordered subsets emission iterative 
algorithm [14]. Reconstructions were performed using a 
2.5mm3 voxel size on a 150x150x150 grid, using 8 subsets, 
and 20 iterations.

With a source-to-image distance (SID) of 55cm, a source-
to-center-of-object distance (SOD) of 35cm, and a COR to 
detector distance of 20cm, CT scans of the cold rod phantom 
were acquired at a tube potential of 60 kVp using a Ce 100th 
attenuating value layer (0.0508cm) filter (Z=58, r=6.77g/cm3, 
K-edge=40.4keV, Santoku America, Inc., Tolleson, AZ) to 

yield a mean energy of ~36keV and FWHM of 15%.  Two 
scans were performed for each set of phantoms: one with the 
central ray of the cone beam intersecting the axis of rotation 
(Fig. 2, LEFT), and one with the central ray offset 5cm 
laterally from the axis of rotation (Fig. 2, RIGHT). The 
centrally aligned setup results in truncation of larger breasts 
(>15cm in diameter) and therefore, a 5cm offset cone-beam is 
currently used in order to acquire data for larger breast 
volumes [15]. Data were acquired over 360o in 1.5o increments 
with VAOR. Reduced angle CT realizations of 180o, 240o, and 
300o were created by removing raw data projections. CT data 
were reconstructed using an ordered subsets transmission 
iterative algorithm [16]. Reconstructions were performed on 
4x4 pixel binned image data (equaling a 0.508 mm voxel size) 
on a 350x350x384 reconstruction grid, using 16 subsets, and 
10 iterations.

B. Breast Phantom with Homogeneous Background

A 900mL water-filled breast phantom with three lesions
(2.7cm, 1.6cm, and 0.8cm outer diameter, with corresponding 
2.3mL, 1.0mL, and 0.35mL volumes) were acquired on the 
SPECT and CT sub-systems. Each lesion was filled with 
99mTc, with an absolute ratio of 20µCi/mL and ~50µL of CT 
contrast agent, Gastrografin with iodine (I2). The
lesion:background concentration ratio was 10:1. SPECT 
projections were acquired using a three-lobed sinusoid 
projected onto a hemisphere (PROJSINE) with polar tilting 
range (sinusodial amplitude) from 15 to 45° (Fig. 4,
BOTTOM) and CT images were acquired using a fixed 6.2°
tilt. The SID was increased to 60 cm, a SOD of 38.1 cm, and a 
COR to detector distance of 22 cm. This resulted in the same 
magnification of 1.57 for an object at the system’s COR as the 

independent CT system mentioned in the earlier section. Tube 
potential and filtration remained the same as the previous 
study, and the CT system retained the 5cm lateral offset. A
±4% energy window symmetric about the 140keV photo peak 
was used for the all of the SPECT projections in these studies.
Total scan time was ~10 minutes. List-mode data from the full 
360o acquisition were again count-normalized between the 
scans and cropped to create SPECT acquisitions of 180o, 240o,
and 300o.  Corresponding CT data were also created by 
removing raw data projections.

Fig. 2. (LEFT) Schematic illustrating the CT system with central ray of the 
cone-beam (white dashed line) aligned with the COR (blue x).  This setup 
results in truncation of larger breasts (>15cm in diameter). (RIGHT) 
Schematic illustrating the advantage of the 5cm offset half-cone-beam used 
to acquire data for larger breast volumes.
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Fig 1: 3D CAD drawings of a (TOP) full and (BOTTOM) limited acquisition 
setup. The trough for the head (shown by the orange arrow) and physical 
dimensions of the x-ray tube limit the amount of breast volume in the FOV 
with a 360º scan, in contrast to a 294° acquisition where the breast can be 
further dropped into the FOV. 
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SPECT reconstruction parameters were set to 3 iterations, 8 
subsets, 150x150x150 reconstruction grid, and 2.5mm3 voxel 
size. CT reconstruction parameters were set to 5 iterations, 16 
subsets, 350x350x384 reconstruction grid, and 508µm3 voxel 
size.  

C. Breast Phantom with Heterogeneous Background 
Small acrylic pieces were added to the same 900mL filled 

breast to simulate non-uniform uptake in the breast 
background (Fig. 3). Each lesion was again filled with 99mTc, 
with an absolute ratio of 21.8µCi/mL and ~50µL of CT 
contrast agent (Gastrografin). An activity-filled 
anthropomorphic heart was also placed above the breast to 
simulate cardiac uptake and contamination. The 
lesion:background:heart ratio was 10.8 : 1 : 6.1. Four 6.0mm 
nylon spheres (Small Parts, Inc, Miramar, Fl) were soaked in 
concentrated aqueous 99mTc and taped to the exterior surface 
of the breast phantom to act as fiducial markers for 
registration purposes.  

Two dual modality acquisition sequences were tested with 
the filled breast phantom: 1) Reduced angle CT and SPECT 
acquisitions at a single patient bed height, and 2) separate, full 
360o CT and SPECT, each at varying bed heights. 

For the first imaging sequence, the patient bed was lowered 
to the minimal height that the CT tube and detector could still 
pass beneath the torso of the patient, thereby maximizing the 
breast volume in the FOV for the rigid bed design. At this 
height the CT scan is limited to 294o by the head trough of the 
bed (Fig 1). CT projections were acquired in 1.5o increments. 
Reduced angle SPECT data were then acquired using three 
trajectories: a tilted-parallel-beam with 45° polar tilt (TPB45), 
a “Saddle” orbit, and a 3.5-lobed PROJSINE (Fig. 4, 
CENTER COLUMN). With the bed at minimal position 
optimized for the reduced angle CT scan, the SPECT polar 
tilting is limited to a range from 30° to 45°.  Reduced angle 
acquisitions were made with 119 projections over 294° with a 

total scan time of ~10 minutes per acquisition.  Subsequent 
scans were increased to account for decay.   

In the second imaging sequence, the patient bed was raised 
a few centimeters to allow the tube to rotate fully underneath 
the head of the patient and CT data were acquired over the full 
360o in 1.5o increments.  The patient bed was then raised again 
to allow optimal placement of for acquisition of full 360o 
TPB45, Saddle, and PROJSINE SPECT scans (Fig. 4, RIGHT 
COLUMN).  Orbits were acquired with 128 projections over 
360o and the total scan time was ~10 minutes.  

All other system and reconstruction parameters remained 
the same as above. SPECT and CT image sets were registered 

Fig. 3. Breast phantom filled with 900mL of aqueous 99mTc.  Various-sized 
pieces of acrylic were added to the background to create a heterogeneous 
background and simulate non-uniform uptake in the SPECT images. Lesion 
locations and sizes are indicated in the figure. 

 

Fig. 5.  (TOP) Sample CT projection and (BOTTOM) timing scheme of 
the interleaved CT scan.  
 

Fig. 4. SPECT acquisition trajectories for the heterogeneous breast phantom 
studies.  Left column shows a 3D illustration of the camera motion. Polar 
camera tilt as a function of the azimuthal angle is shown for (CENTER 
COLUMN) reduced angle orbits and (RIGHT COLUMN) full 360o scans. 
 



 

and fused using open source AMIDE  software [17, 18]. 

D. Interleaved SPECT-CT 
Interleaving the SPECT and CT acquisitions into a single 

scan was also investigated. The acquisition software was 
modified such that two rapid CT projections were taken 
between every five-second SPECT acquisition (Fig. 5).  Thus 
the 3-lobed PROJSINE SPECT orbit was sampled in 3o 
increments while the CT sampled in 1.5o increments over the 
360o scan.  Because the SPECT camera sometimes obscures a 
slight corner of the breast in the CT projections, ~2cm was 
cropped from either side of projection data, effectively 
removing the corner where acquired data was obscured as 
previously described. Both uncropped and cropped data were 
reconstructed using previously described methods.  

E. Modified Patient Bed 
A novel concept included in the patient bed was to design 

the rigid inner octagonal section of the bed to be removable 
[2]. This center was removed and replaced with a flexible 
sheet of neoprene layered leaded apron.  The weight of the 
patient naturally protrudes more of her breast into the FOV 
and the flexible neoprene increases patient comfort by 
creating a cushioned hammock.  Full 360o dual modality 
SPECT and CT scans of the same 900mL breast with 
heterogeneous background were repeated. Lesion-to-
background concentration ratios were approximately 10:1.  
Reconstruction parameters were consistent with earlier 
parameters, and the reconstructed volumes were fused using 
AMIDE. 

III. RESULTS & DISCUSSION 

A. Geometric Phantom Study 
Reconstructed CT slices of the mini-cold rod data where 

the central ray was aligned with the COR show minimal 
distortion even with 180o of projection data removed (Fig. 6).  
The smallest sector of rods (1.1mm) is still resolvable with 
minor cone-beam sampling artifacts beginning to appear on 
the left edge. Data insufficiency artifacts from the missing 
projections are much more visually pronounced with the 
central ray laterally offset 5cm from the COR (Fig. 7).  
Regions not seen from all 360o become radially blurred.  

 For the reconstructed SPECT data, resolution is distance 
dependant. Even though the cold rods are theoretically fully 
sampled with 180º of rotation, objects far from the camera 
will encounter degraded resolution. Hence a 360o scan will 
improve the image resolution. This is qualitatively seen in the 
SPECT mini-cold rod reconstructions (Fig. 8). The full 360o 
images have the highest contrast-resolution. Resolution near 
the edge of the phantom progressively degrades with 
decreased angular sampling on that side, as seen in the 
profiles through the largest 4.7mm rods. 

B. Breast Phantom with Homogeneous Background 
Resolution degradation is not as immediately apparent in 

the profiles drawn across the largest lesion of the 900mL 
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Fig. 6. OSTR iteratively reconstructed CT cold rod data acquired with 
the central cone-beam ray aligned with the COR. (LEFT) 360o of 
projection data.  (RIGHT) 180o of projection data.  Three slices were 
summed to create these images. 
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Fig. 7. OSTR Reconstructed CT cold rod data acquired with the central 
cone-beam ray offset 5cm from the COR. Data insufficiency artifacts 
become more apparent with decreasing angular sampling. 

Fig. 8. OSEM reconstructed SPECT mini-cold rod images. Normalized 
line profiles are shown below, drawn through the largest 4.7mm rods. 
 

Fig. 9. OSEM reconstructed SPECT breast phantom coronal slices. 2nd 
iteration shown with 3 summed slices. Normalized line profiles are shown 
through the 2.3mL lesion. 
 



 

breast phantom with uniform background (Fig 9). Relative 
background noise especially on the outer edge of the breast 
does, however, increase with fewer projections and decreased 
angular sampling. Both the cold rod and breast data indicate 
that removing 75o of SPECT azimuthal data does not 
significantly reduce image quality.  

Reconstructed CT breast images again illustrate artifacts 
due to incomplete angular sampling (Fig. 10). A distinct loss 
of attenuation value in the CT reconstructed image on the side 
where there was no data collected can be measured across the 
sagittal and coronal slices. In addition, the cylindrical artifacts 
in the center due to the offset cone-beam became more 
prominent with decreasing azimuthal acquisition angles.  

It is evident from the images of the mini-cold rod and breast 
phantoms that the lateral offset geometry in our current hybrid 
system is increasingly penalized when using reduced angle 
tomography.  Disregarding issues of increased scatter, a larger 
detector with a centrally aligned cone-beam may be a 
worthwhile solution to avoid truncation of larger breasts for 
limited angle CT. 

C. Breast Phantom with Heterogeneous Background 
Truncation artifacts are seen at the bottom of the 

reconstructed reduced angle SPECT images (Fig. 11).  In the 
current hybrid configuration, the SPECT COR is too near the 
bottom of the camera face with the bed at the same height as 
the CT scan.  Also because of the limited 30-45o polar 
sampling at the low bed height, the air gap between the breast 
and the heart is less pronounced. Cardiac activity is also more 
prominent due to more direct views of the heart.  In the full 
360o scan, the bed was raised, the polar tilt range of the 
camera was increased and thus views of the heart were 
avoided.   

In this study the change in polar sampling of the SPECT 
camera more significantly affected the reconstructed image 
quality than the reduced azimuthal angular sampling.  These 
results highlight the inherent difficulties in positioning a 
subject on the bed and the two systems in their current 

configuration such that the acquisition is simultaneously 
optimized for both imaging systems. If a universal patient bed 
height for all of the scans is desired, the SPECT camera needs 
to be readjusted on the goniometer such that the camera can be 
positioned to at least 15º polar at the minimum bed height.  A 
single bed height, however, limits the system to a fixed COR 
and thereby limits the freedom of the SPECT camera.  For 
example, the TPB orbit is more optimal with a lower bed 
position than the PROJSINE orbit, thus allowing views higher 
up into the chest and axilla regions. 

Fused reconstructed images of the SPECT and CT data 
illustrate the benefits of combining functional and anatomical 
information (Fig. 12).  The 0.35mL lesion is not more than a 
suspicious dot in the SPECT images, but its location is 
verified by the much higher resolution CT images.  This 
lesion, lost in the 360o scan, also highlights the increased 
volume seen by the reduced angle scans. 

Fig. 10. Reconstructed CT sagittal (TOP) and coronal (BOTTOM) slices.  The complete 360o data are compared with reduced angle scans using 300o, 240o, and 
180o of angular sampling. The central cone-beam ray was laterally offset 5cm resulting in truncation artifacts seen in the areas where projection views were not 
collected. 

Fig. 11. Sagittal slices of reconstructed SPECT limited angle (TOP) and 
full 360o acquisitions (BOTTOM).  2nd iteration is shown with 3 
summed slices.  2.3mL lesion is near the center in the breast and 1.0mL 
lesion is closer to the bottom. 



 

D. Interleaved SPECT-CT 
The reconstructed images of the interleaved SPECT-CT 

scan are shown in Fig. 13.  As expected there are artifacts near 
the bottom of the breast due to the close proximity of the 
SPECT camera.  The majority of these artifacts are moved 
outside of the breast after cropping the projection data 2cm on 
either side. There is no data loss because of the sampling 
overlap inherent in the lateral offset geometry.  The cropped 
projection data also reduces the cylindrical offset artifact.  No 

measure of increased x-ray scatter off the SPECT camera or 
SPECT lesion SNR loss was made in this initial investigation.   

E. Modified Patient Bed  
Fig. 12 shows projection views and fused reconstructions of 

all three patient bed-positioning strategies. The patient bed 
revised with a larger central hole covered with flexible 
neoprene center clearly allows a dramatic increase in breast 
volume in the FOV compared to the rigid steel centerpiece, 
while now regaining the ability to rotate 360o around the 
breast. The reconstructed CT data visualizes the entire breast 
volume, including the air gap above the aqueous activity.  
With the modified bed, the CT cone-beam could potentially 
image slightly into the chest wall depending on the positioning 
of the patient.  

IV. CONCLUSIONS 
Reduced angle tomography can be useful for imaging closer 

to the chest wall while avoiding physical barriers. Both the 
mini-cold rod and breast data initially indicate that removing 
75o of SPECT azimuthal data will not significantly reduce 
image quality.  Observer based studies are warranted to assess 
clinical viability.  CT images were also minimally affected if 
the cone-beam is centrally aligned with the COR, but 
dramatically degraded due to aliasing with the laterally offset 
cone-beam in our current hybrid system. A larger detector 
with a centrally aligned cone-beam would be a more ideal 
solution to avoid truncation of larger breasts for reduced angle 
CT. 

Interleaved SPECT-CT scans can speed up and simplify 
overall scan time, but limit the positioning freedom of the 
contoured SPECT orbits. The close proximity of the orbiting 
SPECT camera created artifacts in the CT images which were 
reduced by cropping the projection data to reduce the overlap 

Fig. 13. Volume rendering of iteratively reconstructed CT data acquired in 
an interleaved fashion with a contouring SPECT scan.  Images 
reconstructed using an (TOP) uncropped and (BOTTOM) cropped 
projection data sets. 

Fig. 12. Breast phantom positioned (TOP LEFT) with bed high enough for 360º clearance, (TOP MIDDLE) with bed lowered to 294º reduced angle scan, and 
(TOP RIGHT) with flexible center and 360º clearance. Estimated CT cone-beam FOVs are illustrated in blue. Corresponding CT projection data and 
reconstructed, fused SPECT-CT volume renderings are shown below each system photo. Yellow arrow in bottom center highlights the 3.5mm lesion not seen 
in the rigid center 360º scan at left.  There was no heart activity used in this neoprene study. 
 



 

region for shifted-CT, where the SPECT camera obscured CT 
views of the breast.  There may be quantitative losses in an 
interleaved scan that were not investigated in this initial 
qualitative study.  We opted to use separate sequential CT and 
SPECT scans because the time saved from the interleaved 
scan did not justify the artifacts in the CT image and limited 
positioning freedom of the SPECT scan. 

The latest patient bed design with flexible center allows 
more of the breast into the FOV due to a larger hole in the 
table and natural extension with the weight of the patient. This 
permits full 360o dual modality imaging close to and even 
slightly into the chest wall.  With this revised arrangement, the 
need to image with reduced angle scans may be alleviated. 
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 Abstract– Dual-modality SPECT-CT dedicated breast imaging 
offers great promise in the detection/staging of cancer and the 
monitoring of treatment therapies. The sequential acquisition 
with emission (nuclear) and transmission (x-ray) 3D imaging 
systems can aid in localizing the radioactive uptake of a tumor 
from the emission image by using the anatomical structure from 
the transmission image as a roadmap. Both independent SPECT 
and CT subsystems are mounted onto a single gantry that rotates 
around the vertical axis of a pendant, uncompressed breast. To 
evaluate the feasibility of this dedicated system, geometric 
phantoms and breast phantoms using fiducial markers were 
acquired to study the sampling and resolution properties and 
demonstrate the fusion of the functional-anatomical images. In 
addition, a preliminary investigation on the clinical performance 
of the system was done by imaging two women with confirmed 
breast cancer: one on the independent SPECT system and the 
other on the SPECT-CT system. Further patient hybrid imaging 
studies are in progress. This compact dedicated SPECT-CT 
system is capable of non-invasively providing complementary 
functional and anatomical fully-3D activity distribution 
information of the breast, and has the potential to help further 
enhance the visual and quantitative information over the 
independent systems. 

I. INTRODUCTION 

 Breast cancer is one of the most commonly diagnosed 
cancers among women worldwide and is the second leading 
cause of cancer death in the United States. However, because 
of technological advancements in early detection and better 
treatment options, breast cancer death rates have been 
dropping since 1990. With early detection, there is less chance 
of metastasis and the therapeutic treatment of smaller tumors 
can allow for limited surgery with breast conservation which 
can help minimize pain, suffering, and increased mortality. 
Currently, x-ray mammography is the most widely used 
screening procedure in the U.S., with reported high sensitivity 
and specificity [1]. However, its limitations including low 
image contrast, structural overlap, patient discomfort due to 
breast compression, and imprecise lesion localization have 
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resulted in high false negative rates especially in younger 
women with denser breasts [2, 3]. 

These limitations have led to the emergence of fully-3D 
imaging approaches in magnetic resonance imaging [4], 
ultrasound [5], nuclear medicine [6, 7], and computed 
tomography (CT) [8-10] with the goal of improving detection 
of breast lesions, reducing unnecessary biopsies, and 
increasing patient comfort. Combined dual-modality systems 
have also been developed in order to merge complementary 
information from different modalities to advance patient care 
and improve diagnostic accuracy [11, 12]. Whole-body 
SPECT-CT systems have been shown to improve the 
localization of lymph nodes over planar imaging due to the 
improved quality of the SPECT images gained by attenuation 
correction and anatomic landmarks from the CT images [13, 
14]. 

A hybrid scanner has recently been built in our lab for 
dedicated breast imaging by combining independently 
developed dedicated breast SPECT and CT technologies [11, 
12]. The fully-3D motion capability of the SPECT system 
allows imaging closer to the breast. Additionally, the quasi-
monochromatic nature of the x-ray cone-beam source allows 
for reduced radiation dose and increased contrast between 
similar soft tissue attenuation coefficients. The sequential 
acquisition with emission and transmission systems will aid in 
the localization of the radioactive metabolic uptake of a tumor 
with the structural framework of an object.  

II. MATERIALS & METHODS 
The first prototype compact dual-modality system (Fig. 1) 

was built to image a pendant uncompressed breast. Both 
SPECT and CT sub-systems are secured to a common rotation 
stage (model RV350CCHL, Newport Corp., Irvine, CA) to 
allow an azimuthal rotation of 360° around the vertical axis of 
the breast. The SPECT sub-system is fixed at 90° relative to 
the x-ray source-detector axis. A customized patient bed [15-
17], positioned over the system, allows a woman to lie prone, 
suspending a single pendant breast through a hole into the 
common field of view (FOV) of the hybrid scanner. 

A. SPECT Sub-System 
The SPECT sub-system uses a compact 16x20cm2 field of 

view Cadmium-Zinc-Telluride (CZT) gamma camera (model 
LumaGEM 3200S, Gamma Medica, Inc., Northridge, CA) 
with discretized crystals, each 2.3x2.3x5mm3 on a 2.5mm 
pitch. The measured mean energy resolution of the gamma 
camera at 140keV is 6.7% FWHM (full-width-half-maximum) 



 

and collimator sensitivity is 37.9 cps/MBq. This system has a 
parallel-hole collimator with hexagonal holes (1.2mm hole 
size flat-to-flat (inner diameter), 0.2mm septa, and 25.4mm 
height). The camera is attached to a laboratory jack (model M-
EL120, Newport Corp., Irvine, CA) and a goniometric cradle 
(model BGM200PE, Newport Corp., Irvine, CA) permitting 
various radius of rotations (RORs) and 0° to 90° polar tilt 
angles, respectively. With this flexible gantry, the camera can 
be positioned anywhere in a hemisphere to facilitate acquiring 
projection data around a pendant, uncompressed breast [6, 18, 
19]. Additionally, the small, high performance dedicated 
camera, can acquire images close to the breast, thereby 
minimizing spatial resolution degradation and reducing 
background contamination from other organs outside the 
breast volume of interest.  

B. CT Sub-System 
The CT sub-system consists of a rotating tungsten target 

cone-beam x-ray source (model Rad-94, 0.4mm focal size, 14° 
anode angle, Varian Medical Systems, Salt Lake City, UT) and 
CsI(T1)-based amorphous silicon digital x-ray detector (model 
Paxscan 2520, Varian Medical Systems, Salt Lake City, UT) 
with a grid size of 1920x1536 pixels and 127µpixels [10]. The 
source and detector are secured to a metal plate underneath the 
SPECT goniometer which is then attached to the azimuthal 
rotation stage. A filter is inserted into a custom built 
collimator attached to the x-ray source  to produce a quasi-
monochromatic x-ray source which can (1) improve the 
visualization of tissues with very small differences in 
attenuation coefficients [20]; (2) lower the x-ray dose [21]; 
and (3) minimize beam hardening [22, 23]. For these studies, a 
Ce 100th attenuating value layer (0.0508cm) filter (Z=58, 
ρ=6.77g/cm3, K-edge=40.4keV, Santoku America, Inc., 
Tolleson, AZ) was used to yield a mean energy of ~36keV and 
FWHM of 15%. Source-to-image distance (SID) used was 
60cm and source-to-object distance (SOD) was 38.1cm 
resulting in a magnification of 1.57 for an object located at the 
system’s center of rotation. The central ray of the CT cone-

beam is laterally offset 5cm relative to the center of rotation 
(COR) to completely sample the entire volume of interest 
[24]. Unlike the SPECT sub-system, the CT sub-system in the 
combined in the combined scanner is at a fixed 6.2° tilt angle 
and is restricted to only azimuthal motion. 

C. Patient Bed 
A customized patient bed, placed over the hybrid device, 

was built to allow for patient comfort and avoid collision with 
the imaging system (Fig. 1) [16]. It is comprised of stainless 
steel, along with a thin lead, neoprene, and polyurethane lining 
laid on top for patient protection from errant radiation and 
patient comfort. The lead shielding is used to prevent any 
contamination from the heart and other organs on the CT 
images. The bed is angled at the waist in order to support the 
patient and allow chest protrusion such that the maximal 
amount of breast volume can fit through the opening in the 
center which is over the common FOV of both systems. The 
octagonal trough allows for system rotation underneath it, and 
a removable insert allows for radiolucent materials to enable 
imaging up to and through the chest wall.  

This bed is attached to a positioning system (model 830-
058, Biodex Medical Systems, Shirley, NY) which can be 
displaced in five different directions to allow adjustment for 
any bowing that might occur due to the weight of the patient 
and permit the maximal breast volume in the FOV [17]. The 
head side of the bed is supported to minimize motion of the 
bed during acquisition. 

D. Sampling and Resolution Properties 
Using the integrated, prototype hybrid system, images were 

acquired with a mini-Defrise and mini-cold rod phantoms 
(Data Spectrum Crop. Hillsborough, NC) to study the 
sampling and resolution properties, respectively. Both 
phantoms were imaged on the hybrid gantry assembly, but the 
images were acquired separately: for CT, the phantoms were 
assembled without any interstitial material (air only), while for 
SPECT, the phantoms were removed from the FOV, filled 
with aqueous radioactivity, then scanned.  

The mini-Defrise phantom consisted of five 5.0mm discs, 
spaced 5.0mm apart, in a cylinder with 70mm depth. For the 
SPECT measurements, 9mCi (333MBq) of aqueous 99mTc-
pertechnetate was distributed between the five acrylic discs 
creating six “emission discs”. In the mini-cold rod phantom, 
the rods in each of the six sectors have equal diameters of 4.7, 
3.9, 3.1, 2.3, 1.5, and 1.1mm, spaced on twice their diameters. 
For the SPECT measurements, 9.5mCi (351MBq) of aqueous 
99mTc-pertechnetate filled the spaces between the rods. Both 
phantoms were placed at the COR in the common FOV of the 
hybrid system. SPECT images were acquired using the 
vertical axis of rotation (VAOR) orbit. A ±4% energy window 
symmetric about the 140keV photopeak was used. CT images 
were acquired with a simple circular orbit at a fixed 6.2° polar 
tilt.  

Reconstructions were done using a ray-driven statistical 
iterative ordered reconstruction algorithm (ordered subsets 
expectation maximization (OSEM) for SPECT and ordered 

Fig 1: Photograph of the prototype dual-modality dedicated breast imaging 
tomographic system. The SPECT sub-system (center) is placed orthogonally 
to the CT tube (right) and digital flat-panel detector (left). The bed is placed 
above the system with a breast phantom through the center opening in the 
table. Note that the breast phantom is in the common FOV of each system. 
 



 

subsets transmission (OSTR) for CT). SPECT reconstruction 
parameters were set to 10 iterations, 8 subsets, 160x160x160 
reconstruction grid, and 2.5mm3 voxel size. CT reconstruction 
parameters were set to 5 iterations, 16 subsets, 350x350x384 
reconstruction grid, and 508µm3 voxel size. SPECT and CT 
image sets were registered and fused using an open source 
AMIDE software [25, 26]. 

E. Breast Phantom 
To test image registration and fusion capabilities using non-

geometric shapes, images of a 900mL water-filled breast 
phantom with three lesions (2.7cm, 1.6cm, and 0.8cm 
diameter) and various sized plastic pieces that simulate non-
uniform uptake in the breast background were acquired on the 
hybrid system. Each lesion was filled with the SPECT 
radionuclide molecule, aqueous 99mTc-pertechnetate, 
(20µCi/mL (0.74MBq/mL) in each lesion) and CT contrast 
agent (~50µL), Gastrografin with iodine (I2). The 
lesion:background radioactive concentration ratio was 10:1. 
Small and fixed external fiducial markers were used in order 
to ensure proper registration, be visible and distinguished in 
both systems, and not interfere with the images. After testing 
different types of homemade and commercial fiducial 
markers, four 6.0mm nylon balls (Small Parts, Inc. Miami 
Lakes, FL) soaked in aqueous 99mTc-pertechnetate were used 
as markers and taped to the exterior surface of the breast 
phantom. SPECT images were acquired using a complex 
acquisition trajectory, three-lobed sinusoid projected onto a 
hemisphere (PROJSINE) with polar tilting range (sinusodial 
amplitude) from 15 to 45°. This trajectory for SPECT has 
been investigated previously [19, 27]. CT images were 
acquired using a fixed 6.2° tilted circular trajectory. A ±4% 
energy window symmetric about the 140keV photopeak was 
used for the SPECT projections.  

SPECT reconstruction parameters were set to 2 iterations, 8 
subsets, 150x150x150 reconstruction grid, and 2.5mm3 voxel 
size. CT reconstruction parameters remained as previously 
stated. SPECT and CT image sets were registered and fused 

using AMIDE. 

F. Patient Study 
Two subject volunteers with confirmed breast cancer were 

imaged under a protocol approved by the Duke University 
Medical Center institutional review board (IRB). Informed 
written consent was obtained from both subjects. 

The first subject study was imaged with only the 
independent, dedicated breast SPECT system using an initial 
prototype, radiolucent bed lined with lead and foam. This bed 
was modified with a cutout on the side for the patient’s left 
breast. The subject was a 55yr old, post-menopausal, 59kg 
woman with biopsy confirmed adenocarcinoma (T2N0). She 
was injected with 17.8mCi (660MBq) of 99mTc-sestamibi, 
which has been shown to accumulate selectively in breast 
malignancies [28], and scanned using a 45º tilted circular 
trajectory.  

The second patient study was done with the hybrid system 
and the customized patient bed. She was a 45yr old, 93kg 
patient also with biopsy confirmed breast cancer. Three hours 
before the hybrid scan, she had received an injection of 29mCi 
(1073MBq) 99mTc-methylene diphosphanate (MDP) for a bone 
scan. While 99mTc-MDP is used to detect bone metastases, it 
has much less accumulation in soft tissue tumors, and has been 
used in early scintimammography studies [29]. However to 
minimize radiation dose to the patient, the patient was not 
injected with 99mTc-sestamibi for the hybrid scan. Four 
fiducial markers (i.e. nylon balls) were taped to her left breast 
at 3, 6, 9, and 12 o’clock position. The positioning system of 
the bed allowed compensation for the bowing of the bed due 
to the subject’s weight. This was done by angling the bed 
upward and bringing the bed down as far as it could go 
without hitting the CT tube. In addition, the inner trough of the 
patient bed was removed to allow more of the breast to 
protrude into the FOV due to the larger hole in the table and 
the weight of the patient. The neoprene lining gave additional 
support and comfort to the subject. After the breast was 
positioned in the COR of the hybrid system, an 11 minute 
360° CT scan was acquired. The patient got up, readjusted 
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Fig 2: Reconstructed images of the geometric mini-Defrise (TOP ROW) and mini-cold rod (BOTTOM ROW) phantoms were acquired on the hybrid gantry to 
study the sampling and resolution properties, respectively. CT reconstructed images show slight distortion toward the edges of the mini-Defrise phantom and a 
circular ring artifact (shown by arrows). 



 

herself back on the bed, and a 10 minute SPECT scan using a 
PROJSINE 15-45° trajectory was performed. This procedure 
was repeated for the right breast, but the SPECT scan was 
acquired using a fixed 45º tilted circular trajectory. 

Both patients were centered using a vertical beam of a 
positioning laser which was aligned to the COR of the system. 
Acquisition trajectories were specifically constructed for the 
SPECT system to contour each individual breast by manually 
measuring the radius of rotation between the camera and 
breast at six different azimuthal positions and interpolating 
other RORs about the breast. Reconstruction parameters were 
the same as used for the breast phantoms.  

III. RESULTS & DISCUSSION 

A. Sampling and Resolution Properties 
The reconstructed SPECT, CT, and fused images of the 

mini-Defrise phantom are shown in Fig. 2 (TOP). As 
expected, the SPECT reconstructed images acquired using 
VAOR has sufficient sampling so all four regions between the 
discs can be clearly seen without any image distortion. The CT 
reconstructed images, on the other hand, showed slight 
distortion toward the edges and a circular ring artifact which 
possibly results from insufficient sampling due to the tilted 
and offset geometry, respectively. Corrections for these 
distortions and artifacts are currently being explored. Despite 

the sampling insufficiency in the CT image, data was 
registered using common features in both data sets. It would 
be more useful to have landmark points, such as external 
fiducial markers, to obtain the necessary registration accuracy 
between SPECT and CT images rather than the internal ones 
used here.  

Fig. 2 (BOTTOM) shows the reconstructed images obtained 
of the mini-cold rod phantom. In the SPECT reconstructed 
images, the first and second largest sectors of rods (4.7 and 
3.9mm, respectively) are clearly distinguishable while the 
third sector of rods (3.1mm) is nearly distinguishable. In the 
CT images, all six sectors of rods are clearly resolved. Using 
the rods in the largest sector as internal fiducial markers, the 
two image data sets were easily registered. 

B. Breast Phantom Measurements 
Fig. 3 shows the SPECT, CT, and fused reconstructed 

images. With the help of the fiducial markers, the images from 
both systems were fused. CT contrast agent was not added to 
the solution when preparing the fiducial markers since there 
was enough natural contrast between air and nylon to 
discriminate them in the projections and reconstructed images 
(Fig. 3, MIDDLE LEFT). In volumetric 3D space, the SPECT 
reconstructed images were rotated 90° azimuthally (due to the 
position of the SPECT sub-system with respect to the CT sub-
system) and shifted downward (due to the different bed 
positions used for SPECT and CT acquisitions). Fiducial 
markers made it possible to accurately perform these tasks so 
that the two data sets were aligned as close as possible.  As 
seen in Fig. 3, the location of the plastic pieces are more easily 
seen in the SPECT reconstructed images as cold spots. 
However, due to similar attenuation coefficient values 
between plastic and water, a very narrow window was needed 
to visualize the plastic pieces in the reconstructed CT slices. 
This shows the importance of being able to use the anatomical 
information from CT to guide the localization of suspicious 
foci seen in the SPECT images. 

C. SPECT Patient Study 
Results of our first SPECT patient study are shown in Fig. 

4. There was a clear signal enhancing ~2cm diameter, detailed 
volume of tracer anterior to the chest wall which corresponded 
to that seen in the contrast enhanced MRI scan performed 
earlier in the day. While out of field background activity was 
minimized due to the use of the radio-opaque pre-prototype 
bed, streak artifacts and additional enhancing regions that 
appear in the bottom left of the coronal view and upper left of 
the transverse view were probably due to the cardiac-hepatic 
uptake of the radiotracer. Shape distortions were partially due 
to the incomplete sampling of the tilted parallel beam 
acquisition trajectory, which are consistent with our 
previously published results on breast phantoms.  
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Fig. 3: Reconstructed (TOP) SPECT, (MIDDLE) CT, and (BOTTOM) 
fused images of a 900mL water-filled breast phantom. The 2.7cm 
diameter lesion is centered by the green hash marks. Fiducial markers (i.e. 
nylon balls) were taped to the exterior surface of the breast phantom 
(orange arrow). Areas with the plastic pieces can be seen as cold spots on 
the SPECT images (white arrows). The two 3D reconstructed data sets 
were registered using the fiducial markers.  



 

D. Hybrid Patient Study 
Fig. 5 shows the results of our first hybrid subject study. 

Although this patient was confirmed as having breast cancer, 
no mammogram and/or MRI images of the patient were made 
available to us to confirm the location of the cancer. Hence, no 
areas in the SPECT and CT images presented here of this 
patient’s breast can be diagnosed as being a suspected tumor. 
The SPECT breast scan showed very little uptake of the tracer 
due to its low accumulation in tumors and soft tissue, and the 
radioactive decay between the times of the bone and SPECT 
scan. A couple of different CT slices of the breast are also 
shown in Fig. 5. The SPECT and CT images shown here were 
not fused since the fiducial markers moved during the 
subject’s readjustment between scans. By eliminating 
overlapping tissue, we believe that the CT slices will be able 
to easily isolate the tumor if breast cancer is present. Similar 
results are shown for the right breast (Fig. 6). Further patient 
studies with the hybrid SPECT-CT system are in progress.  
Results will be compared with mammogram and/or MRI 
images to confirm that SPECT-CT scans have the potential of 
breast cancer detection. 

IV. CONCLUSION 
Advantages of this dedicated dual-modality SPECT-CT 

breast imaging tomographic system include: (1) volumetric 
fully-3D whole breast imaging, (2) registration of  
complementary functional and anatomical images to further 
enhance quantitative and visual information, (3) SPECT 
imaging capability nearly completely contouring the breast, 
axilla, and with views into the chest wall, (4) lower CT x-ray 
dose to the breast compared to standard dual-view screening 
mammography, and (5) acquisition of both SPECT and CT 
images without moving the patient. Complex 3D acquisition 
trajectories with the SPECT system are useful to avoid 
physical hindrances, overcome distortions due to inadequate 
sampling, and allow detection of lesions in the chest wall and 
axilla that are not visible using simple circular acquisition 
trajectories. With the offset geometry, the CT system can 
image a wide range of breast sizes without truncation artifacts, 
although other imaging artifacts including the circular ring are 
still present. Methods to remove these imaging artifacts are 
being studied. 

Initial SPECT and hybrid patient studies show promising 

Fig 5: Reconstructed images of the (LEFT) SPECT (shown as a MIP image), (MIDDLE) CT Slice #1, and (RIGHT) CT Slice #2 of the left breast. The bright 
white spots on the SPECT MIP images are the fiducial markers. 
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Fig 4: (FAR LEFT) Photograph of the subject on the preprototype bed, suspended over the dedicated breast SPECT system. (RIGHT IMAGES) Reconstructed 
images of the breast are in coronal, sagittal, and transverse views. Confirmed lesion on the subject’s anterior chest wall is indicated at the intersection of the 
green hash marks 



 

3D results. Although the SPECT images can see up to and past 
the chest wall, there is limited visualization of the chest wall 
in the CT images, which remains an important consideration 
in planned refinements of the current hybrid system. The 
physical limitations of the system (i.e. large dead zone of the 
tube and detector) prevent the breast from being positioned 
farther into the common FOV; however, the five degrees of 
freedom in bed movement, replacement of the inner trough 
with flexible material, and improved patient positioning will 
hopefully allow the chest wall to be imaged. Patient feedback 
on the comfort of our patient bed will help us improve future 
iterations. Further hybrid patient studies are still in progress. 
We believe that the fused images may provide valuable 
clinical information for more precise detection, staging, and 
therapy monitoring of cancerous diseases than independent 
systems alone. 
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